Abstract. Nanostructuring of YBa 2 Cu 3 O 7-x films is a challenging task on a way to the high-quality YBa 2 Cu 3 O 7-x nanodevices because of the sensitivity of YBa 2 Cu 3 O 7-x thin films to the patterning process.
Introduction
Due to the small relaxation times YBa 2 Cu 3 O 7-x (YBCO) thin film nanostructures are attractive for the fabrication of fast detectors in a broad frequency range from terahertz to visible light [1, 2] . The patterning of the YBCO nanodevices is challenging because of poor stability and sensitivity of YBCO to the patterning procedure [3] [4] [5] . The situation becomes even worse when ultra-thin YBCO films have to be structured. Heating the ultra-thin YBCO films up to temperature of 150-200ºC, which is typical for baking of high-resolution electron beam lithography resists, results in the deterioration of the superconducting properties of the YBCO film due to the oxygen loss. YBCO film can be protected by so called "hard mask", a metal layer sputtered atop of a YBCO film, during the lithography procedure [3, 4] .
But the removing of the hard mask after the patterning procedure by chemical or ion beam etching significantly deteriorates the superconducting properties of the YBCO film [3] .
Here we present a "cold" nanopatterning process for ultra-thin YBCO films with focused ion beam etching and a specially developed protecting layer which can be easily removed after patterning without any deterioration of the superconducting properties of YBCO films. High-quality ultra-thin YBCO nanobridges with widths down to 30 nm were fabricated by focused ion beam (FIB) etching and characterized in the temperature range of 8-80 K with respect to the critical current density, the critical temperature and the transition width.
Experimental details
YBCO films were sputtered on (001) SrTiO 3 substrates by dc sputtering at a high oxygen pressure of p(O2) = 3.4 mbar [6] . The SrTiO 3 substrates were etched in buffered HF acid (BOE) for a TiO 2 termination of the SrTiO 3 surface. The temperature of the substrate heater was 935ºC during sputtering to achieve a compromise between good superconducting properties, smooth film surface and a low density of precipitates. The films were covered in situ by a 15 nm thick amorphous YBCO layer deposited at a substrate temperature of 50ºC. The films were annealed twice in O 2 (800 mbar) for 30 min at a substrate temperature of 500ºC before and after the deposition of the protection layer. The amorphous YBCO layer was used to protect the ultra-thin films during the lithography process combined with wet etching. The other details on ultra-thin YBCO film used in this work are published elsewhere [7] . 100 nm thick gold pads were sputtered ex situ by dc magnetron sputtering through a shadow mask at room temperature.
Before the contact pad deposition, the amorphous YBCO layer was removed in the contact pad areas for a better electrical contact between the contacts pads and the superconducting film. To avoid undesirable damage of the film during the FIB etching a metal protection layer atop of the film to be structured can be used. It also acts as a conductive layer to drain the charge. We found that the 100 nm thick gold layer was thick enough to protect the YBCO film during FIB etching. Thinner gold layers were etched through in some places adjacent to the FIB cuts resulting in the damaged bridges. That is related to grain structure and a very high etching rate of gold by FIB.A critical step of the nanopatterning process is the removal of the protection layer after the nanobridge fabrication. The metal layer, left on the surface of the YBCO film, can significantly change the measured critical current density and the shape of the current-voltage curve of the nanobridge by shunting the grain boundaries, the local defects in the film and hotspots. Ion beam or wet etching are usually used to remove the protection layer atop of YBCO devices [2, 3] . But in the case of ultra-thin YBCO films the ion beam etching or chemical etching with water-based etchant could result in the deterioration of superconducting properties because of the ion beam damage, heating effects and electro-chemical reactions [3] . To solve this problem we introduced a PMMA resist layer, which can be dissolved in acetone, between YBCO and gold layer. The YBCO film was coated with 20 nm thick layer of the PMMA resist and baked for 5 min at a temperature of 100°C, which is known to be safe for YBCO thin films. Then the 100 nm thick protection gold layer was deposited on the top of PMMA layer by dc magnetron sputtering at room temperature. [8] [9] [10] . It is interesting that in the most cases the number of voltage jumps n on IV curve was n ≤ 3 in spite of different nanobridge quality, widths and lengths [8, 9] , except nanobridges with the very low critical current density, where up to 5 voltage jumps have been observed [10] . Based on this observation we think that the three voltage jumps on the IV curves of the YBCO nanobridges originate from consecutive transitions in the normal state of the nanobridge and the ends of nanobridge because of the different conditions for the hotspot expansion in the nanobridge and the regions of the nanobridge close to the banks.
The critical current values I c were evaluated from IV curves with a voltage threshold of 10 µV. The critical current density of as-fabricated 5 µm wide and 24 nm thick bridges was 9.7 MA/cm 2 at 78 K.
After the FIB patterning the critical current density increased up to 11.4 MA/cm 2 for the 750 nm wide bridge and 11.9 MA/cm 2 for the 155 nm wide bridge. Such weak dependence of the critical current density on the bridge width is an indication that the widths of the bridges are comparable or smaller than temperatures has been observed [14, 15] .
In a recent paper on ultra-thin YBCO films we have shown that the critical current density of YBCO films on (001) SrTiO 3 substrates has very small values in the first three layers at T = 78 K and completely restored compared with the bulk values in the fifth layer [7] . Hence the effective thickness d eff of the ultra- [16] , where R ≈ 1, and about 2π times higher than the R value predicted by J.R. Clem et al. [17] , where R = 1/2π. Φ 0 is the flux quantum, µ 0 is the vacuum permeability, λ ab (0) = 141 nm and ξ ab (0) ≈ 1-3 nm is the coherence length within the ab-plane [12, 19, 20] .
Conclusion
We have developed low-temperature nanopatterning procedure for structuring of ultra-thin YBCO films by focused ion beam etching with a specially developed protection layer, which can be easily removed after the patterning process without any damage to the ultra-thin YBCO film. High-quality YBCO nanobridges with widths down to 150 nm demonstrated a high critical current density up to 14 MA/cm 2 at T = 78 K and 125 MA/cm 2 at 8 K. The observed dependence of the critical current density on the width and the thickness of the nanobridges was consistent with the edge barrier model.
